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Pines Rd., La Jolla, CA 92037, USA.NADPH thioredoxin reductase C (NTRC) is an interesting NTR with a thioredoxin (Trx) domain at the
C-terminus, able to conjugate both activities for 2-Cys peroxiredoxin (Prx) reduction. NTRC is
dimeric in the presence of NADPH and interacted with dimeric 2-Cys Prx through the Trx module
by a mixed disulﬁde between Cys377 of NTRC and Cys61 of the 2-Cys Prx. NTRC variants of both
NTR and Trx active sites were inactive, but 1:1 mixtures of both variants allowed partial recovery
of activity suggesting inter-subunit transfer of electrons during catalysis. Based on these results
we propose a model for the reaction mechanism of NTRC.
Structured summary:
MINT-7017333: 2cys Prx (uniprotkb:Q6ER94) and 2cys Prx (uniprotkb:Q6ER94) bind (MI:0407) by molec-
ular sieving (MI:0071)
MINT-7017101, MINT-7017183: NTRC (uniprotkb:Q70G58) and 2cys Prx (uniprotkb:Q6ER94) bind
(MI:0407) by enzymatic studies (MI:0415)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Aerobic life is challenged by the production of reactive oxygen
species (ROS), including hydrogen peroxide [1]. In photosynthetic
plant cells, chloroplasts are the major source of hydrogen peroxide
[2] that, beside its well-established toxic effect, exerts an impor-
tant signalling function. In plants, hydrogen peroxide affects the
expression of a large set of genes involved in different aspects of
plant growth and response to the environment [3,4]. To adjust
the balance of hydrogen peroxide, chloroplasts contain different
enzymes with peroxidase activity such as ascorbate peroxidase
[5], glutathione peroxidase [6], and peroxiredoxins (Prxs) [7,8].
Typical 2-Cys Prxs are homodimeric thiol-based peroxidases,
which reaction mechanism involves two Cys residues, termed per-
oxidatic and resolving, placed in different subunits. The peroxidatic
Cys residue reacts with the peroxide and becomes oxidized to sul-
fenic acid, which is then attacked by the resolving Cys to yield a
molecule of water and the two Cys linked by a disulﬁde bridgechemical Societies. Published by E
se; Prx, peroxiredoxin; Trx,
lk Institute, 10010 N. Torrey[8,9]. Therefore, for a new catalytic cycle this disulﬁde has to be re-
duced in a reaction catalyzed by thioredoxins (Trxs). The chloro-
plast contains different types of Trxs of which Trx x is the most
efﬁcient reductant of 2-Cys Prxs [10], though peculiar Trxs such
as CDSP32 or ACHT have been shown to reduce 2-Cys Prxs as well
[11,12].
Electrons required for the Trx-dependent reduction of plastidial
2-Cys Prxs are provided by ferredoxin reduced by the photosyn-
thetic electron transport chain in a process dependent on light
[13]. An alternative pathway for 2-Cys Prx reduction is a new type
of NADPH Trx reductase (NTR), stated NTRC, localized in chloro-
plasts and exclusive of oxygenic photosynthetic organisms [14–
19]. As NTRC shows a high afﬁnity for NADPH, which is produced
during the dark period by the oxidative pentose phosphate path-
way [20], it was proposed that the NTRC-dependent transfer of
electrons plays a key role during the night or under low light, when
the level of reduced ferredoxin is low [16]. This proposal is sup-
ported by the ﬁnding that the NTRC-2-Cys Prx system is needed
to protect protochlorophyllide biosynthesis [21]. Moreover, the
NTRC knock out mutant shows a more severe phenotype when
grown under short day conditions [16,22].
Therefore, NTRC is able to act as a NTR/Trx system in a single
polypeptide. So far, the only enzyme resembling NTRC activity is
bacterial AhpF formed by an NTR domain, at the C-terminus, and
a double Trx fold, only one of them with the active site, at thelsevier B.V. All rights reserved.
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AhpC, using NADH, not NADPH, as the source of reducing power
[23]. In a previous report [24] we have shown that NTRC has a dy-
namic quaternary structure, ranging from oligomeric to dimeric
state. Incubation of the puriﬁed enzyme with NADPH (or DTT) trig-
gers the formation of the dimer that was considered the minimal
catalytic form of NTRC. Here, we propose a reaction mechanism
for this novel enzyme.
2. Materials and methods
2.1. Expression of recombinant proteins in Escherichia coli and site-
directed mutagenesis
Recombinant wild type NTRC and 2-Cys Prx from rice, truncated
polypeptides containing the NTR (M-NTR) or Trx (M-Trx) domains
of NTRC, single and double NTRC active site variants, and the C61S
variant of 2-Cys Prx were expressed as N-terminal His-tagged pro-
teins using the pQE30 expression vector (Qiagen) as previously re-
ported [15,16]. All constructs were introduced in E. coli XL1-Blue
and the expression of recombinant proteins was induced by
1 mM IPTG for 3 h at 37 C. Over-expressed His-tagged proteins
were puriﬁed by nickel–nitriloacetic acid (NTA) afﬁnity chroma-
tography in pre-packed Hi-Trap afﬁnity columns (Amersham
Biosciences).2.2. Gel ﬁltration chromatography and protein gel blot analysis
The decameric and dimeric forms of 2-Cys Prx were separated
by gel ﬁltration chromatography in SuperdexTM 200 prep grade
columns (Amersham Biosciences) with a constant ﬂow of 1–
2.6 ml min1 in high-salt (50 mM potassium phosphate pH 7.0,
150 mM NaCl) or low-salt (25 mM potassium phosphate pH 7.0,
75 mM NaCl) buffers. The elution proﬁle was monitored at
280 nm and proteins used as standard (Sigma Chemical Co.) were
thyroglobulin (669 kDa), apoferritin (443 kDa), b-amylase
(200 kDa), alcohol dehydrogenase (150 kDa), bovine serum albu-
min (67 kDa), carbonic anhydrase (29 kDa). Protein gel blot analy-
ses were performed as previously described using anti-NTRC [15]
or anti-2-Cys Prx [16] antibodies.2.3. Activity assays
Activity assays were performed by the DTT-dependent reduc-
tion of tert-butyl hydroperoxide (t-BOOH), determined with the
Peroxoquant reagent (Perbio Science). Prx activity in the presence
of wild type or variant versions of NTRC was determined as oxida-
tion of NADPH at 340 nm [16].Fig. 1. Effect of the aggregation state of 2-Cys Prx in the NTRC-2-Cys Prx activity. Wild typ
50 mM potassium phosphate pH 7.0, 150 mMNaCl (A) or 25 mM potassium phosphate pH
a reaction mixture containing 100 mM phosphate buffer pH 7.0, 2 mM EDTA, 0.25 mM N
dimeric (Dim) 2-Cys Prx. Assays were performed three times and the speciﬁc activity is3. Results and discussion
3.1. NTRC interacts with the dimeric form of 2-Cys Prx through the Trx
module
NTRC is an interesting type of NTR containing a joined Trx mod-
ule at the C-terminus, able to conjugate both activities to catalyze
the reduction of chloroplast 2-Cys Prx [16–18]. The analysis of the
quaternary structure of NTRC revealed that NADPH exerts two ef-
fects on the enzyme: it is the preferred electron donor for activity,
and induces the formation of the dimeric form, which may be con-
sidered the minimal catalytic unit of the enzyme [24]. The results
presented in this report attempt to establish the mechanism of
reaction of this novel enzyme. The 2-Cys Prx identiﬁed as substrate
of NTRC [16] also shows a dynamic quaternary structure so that it
can be found either as decamer or as dimer [25]. To determine
which of the two forms of the 2-Cys Prx is the preferred substrate
of NTRC, activity assays were performed with fractions of 2-Cys Prx
eluted from gel ﬁltration chromatography corresponding to the
decamer (Fig. 1A), predominant at high salt (50 mM potassium
phosphate, 150 mM NaCl), or the dimer (Fig. 1B) predominant at
low salt (25 mM potassium phosphate, 75 mM NaCl). Very low
activity was obtained with the decamer (Fig. 1C), thus showing
that the substrate of NTRC is the 2-Cys Prx dimer.
Typical 2-Cys Prxs reduce hydrogen peroxide by a reaction
mechanism that involves two Cys residues, which become oxidized
in a disulﬁde bond after catalysis [8,9]. The reduction of this disul-
ﬁde is performed by Trxs [10], so we expected that the interaction
of NTRC with the 2-Cys Prx occurs through the Trx domain of
NTRC. Additionally, NTRC might interact with the 2-Cys Prx by
the NTR domain; indeed, the reduction of 1-Cys Prx by NTR has re-
cently been demonstrated [26]. To establish the domain of NTRC
involved in the interaction with 2-Cys Prx we took advantage of
the DTT-dependent assay of Trx activity. A truncated polypeptide,
M-Trx, containing the Trx domain of NTRC showed peroxide reduc-
tion activity when assayed with 2-Cys Prx and DTT as electron do-
nor, therefore showing that the Trx module of NTRC was able to
reduce the 2-Cys Prx (Fig. 2). A similar rate of t-BOOH reduction
was observed when assays were performed with either wild type
NTRC or the C140S variant, at the NTR domain active site and
therefore lacking NTR activity (Fig. 2). In both assays it is expected
that only the Trx domain of NTRC is operative. These results clearly
show that the interaction of NTRC with the 2-Cys Prx occurs
through the Trx domain of the enzyme.
To identify the residues involved in this interaction, we ana-
lysed the formation of complexes after incubation of 2-Cys Prx
(wild type and C61S variant) with NTRC variants at the Trx domain
active site (C377S and C380S). The incubation of NTRC (C380S)
variant with wild type 2-Cys Prx resulted in the formation of ae 2-Cys Prx (0.5 mg) was subjected to Superdex 200 gel ﬁltration chromatography in
7.0, 75 mMNaCl (B). C, NTRC-2-Cys Prx activity was assayed as NADPH oxidation in
ADPH, 0.5 mM hydrogen peroxide, 2 lM of NTRC and 2 lM of decameric (Dec) or
represented with the standard errors.
Fig. 2. Interaction of NTRC and 2-Cys Prx occurs through the Trx domain of NTRC.
DTT-dependent activity was assayed in a reaction mixture containing 100 mM
phosphate buffer pH 7.0, 0.5 mM DTT, 75 lM t-BOOH, 15 lM 2-Cys Prx and 2 lM of
the following: wild type NTRC (h), M-Trx (D), NTRC (C140S) variant (d), without
NTRC (). Assays were performed at least three times with similar results and a
representative experiment is shown.
Fig. 4. Electron transfer pathway during NTRC-2-Cys Prx catalysis. The activity of
the NTRC-2-Cys Prx system was determined as NADPH oxidation in a reaction
mixture containing 100 mM phosphate buffer pH 7.0, 2 mM EDTA, 0.5 mM
hydrogen peroxide, 6 lM 2-Cys Prx and NTRC as follows: wild type (j), 2 lM
NTRC (C140S–C143S) (d), 2 lM NTRC (C377S–C380S) (), 2 lM NTRC (C140–
C143S) plus 2 lM NTRC (C377S–C380S) (N).
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tected by anti-NTRC and anti-2-Cys Prx antibodies (Fig. 3, asterisk).
This complex was sensitive to DTT and was not detected when the
wild type 2-Cys Prx was replaced by the C61S variant or when the
C380S variant was replaced by the C377S variant of NTRC (Fig. 3).
The size of the complex, approx. 200 kDa, is compatible with the
presence of a dimer of NTRC (105 kDa) and two dimers of 2-Cys
Prx (50 kDa each). The fact that this complex is sensitive to DTT
and is not formed by either the C377S variant of NTRC or the
C61S variant of the 2-Cys Prx strongly suggests that Cys377, at
the active site of the Trx domain of NTRC, is the residue attacking
the peroxidatic Cys of the 2-Cys Prx during catalysis.
3.2. Inter-subunit electron transfer in NTRC
As NTRC catalyzed the transfer of electron pairs from NADPH to
the oxidized 2-Cys Prx, it was expected a pathway of electrons dur-
ing catalysis from NADPH to FAD, to the adjacent redox active
disulﬁde, constituting the portion of the active site in the NTR do-
main, and then to the part of the active site in the Trx domain con-
taining the second reactive disulﬁde of NTRC. This transfer ofFig. 3. Identiﬁcation of residues involved NTRC-2-Cys Prx interaction. Puriﬁed NTRC va
variant C61S (2 lg of protein), which had been previously oxidized by incubation in 25 l
buffer pH 7.0, 400 lM NADPH at room temperature for 15 min. Aliquots of these reacti
reducing SDS–PAGE and western blot analysis probed with either anti-NTRC or anti-2-Creducing equivalents in the dimeric form of NTRC may occur by
two possible pathways, intra- or inter-subunit. To distinguish be-
tween these possibilities, we performed activity assays with mix-
tures of NTRC double variants lacking either the NTR (C140S–
C143S) or the Trx (C377S–C380S) domain active sites. As expected,
both double variants completely lost NTRC activity when assayed
with wild type 2-Cys Prx (Fig. 4). However, when assays were per-
formed with a 1:1 mixture of both NTRC variants activity was par-
tially recovered (Fig. 4). Three types of NTRC dimers may be
expected in these mixtures: dimers formed by each variant with it-
self and mixed dimers formed by an NTR active site variant and a
Trx active site variant. If there is inter-subunit electron transfer,
it should be expected that in the mixed dimers one of the two
pathways is formed by wild type domains according to the model
depicted in Fig. 5. The fact that activity was partially recovered
lends support to the inter-subunit pathway of electron transfer
from the NTR domain of one subunit to the Trx domain of the other
subunit.
The only enzyme resembling the activity of NTRC is bacterial
AhpF, which also has an active site made up of elements
contributed by two protein domains and catalyzes the reductionriants C380S and C377S (4 lM) were incubated with either 2-Cys Prx wild type or
M hydrogen peroxide for 10 min. Incubation was performed in 100 mM phosphate
on mixtures were treated or not with 10 mM DTT, as indicated, subjected to non-
ys Prx antibodies. Molecular mass markers (in kDa) are indicated on the left.
Fig. 5. Proposed model for the reaction mechanism of NTRC. The minimal catalytic
unit of NTRC is the dimer. Each subunit of NTRC interacts with a 2-Cys Prx dimer
through the Trx domain. An inter-subunit electron transfer pathway is proposed for
NTRC.
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of NTRC, but no oligomerization of the enzyme has been reported
[27]. Moreover, the Trx module of AhpF mediates electron transfer
to the 2-Cys Prx [28], as NTRC; however, electron transfer in AhpF
is intra-subunit [29]. In contrast, our results support inter-subunit
electron transfer in NTRC. So, the comparison of the two enzymes
conﬁrms the requirement of both NTR and Trx activity for the efﬁ-
cient reduction of 2-Cys Prx, but each enzyme shows speciﬁc
features concerning electron transfer, pyridine nucleotide require-
ment and quaternary structure, which are probably related to
speciﬁc structural properties.
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